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Abstract 

We study phenomenological features in an extended gauge mediation SUSY breaking 
model which has non-universal gaugino masses and CP phases. We show that large CP 
phases in soft SUSY breaking parameters can be consistent with the constraints coming 
from the electric dipole moment (EDM) of an electron, a neutron, and also a mercury 
atom. Masses of the superpartners are not necessarily required to be larger than 1 TeV 
but allowed to be O(IOO) GeV. We also investigate the mass spectrum of Higgs scalars 
and their couplings to gauge bosons in that case. Compatibility of this model with the 
present experimental data on the Higgs sector is discussed. 
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1 Introduction 



In supersymmetric extensions of the standard model, new CP phases are generally intro- 
duced through supersymmetry (SUSY) breaking. Although these CP phases could play an 
interesting phenomenological role related to the cosmological baryon number asymmetry, 
for example, it is well known that the electric dipole moment (EDM) of an electron and a 
neutron [1] imposes severe constraints on such CP phases of soft SUSY breaking param- 
eters in the minimal supersymmetric standard model (MSSM) [2, 3]. It seems to be very 
important to examine these constraints because of their phenomenological consequences. 

Some possibilities to overcome these constraints have been proposed by now. In the 
first type solution, the soft SUSY breaking parameters are taken to be O(IOO) GeV by 
assuming that the soft CP phases are smaller than 10~^ [2] . Since such small phases are 
not protected by any symmetry, it is usually considered to be unnatural, and regarded 
as a CP problem in the MSSM. In the second one, the soft CP phases are supposed 
to be 0(1) while a part of the relevant soft SUSY breaking parameters are assumed to 
be 0(1) TeV or larger.^ However, considering the SUSY breaking larger than 0(1) TeV 
seems to be unattractive from a viewpoint of the weak scale SUSY. It may also be difficult 
to expect any phenomenological effects through the present and near future experiments 
in this case. 

As the third possibility, we can expect the cancellation among various contributions 

to the EDMs [6, 7, 8, 9]. If such a cancellation occurs and both the CP phases of 

0(1) and the soft SUSY breaking parameters of O(IOO) GeV can be consistent with 

the EDM constraints, we might have a lot of interesting phenomenology at the weak 

scale [9, 10, 11, 12, 13, 14]. If we consider the origin of the baryon number asymmetry 

in the universe due to electroweak baryogenesis, for example, it will be necessary to 

introduce some new sources of CP violation. It is known that the Cabibbo-Kobayashi- 

Maskawa (CKM) phase in the standard model (SM) is insufficient to explain the baryon 

number asymmetry because of a suppression due to the smallness of the quark flavor 

^Various possibilities have been suggested. In one possibility, it is assumed that the sfermions in the 
first and second generation have heavy masses of 0(1) TeV [3]. In another one, the A parameters are 
assumed to be non-universal and those related to the first and second generation are supposed to be very 
small such as Af = (0, 0, A) [5]. In this case, one needs to assume arg(/i) < 10~^ and then the smallness 
of the CP phase is partially required as in the first solution [4]. 
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mixing [15]. If there exist large CP phases in the soft SUSY breaking parameters, the 
requirement for the electroweak phase transition to be strongly first order might be relaxed 
and the required Higgs mass bound could be larger [16]. Various SUSY leptogenesis 
scenarios also seem to require the large CP phases in the soft SUSY breaking parameters 
[17, 18]. Thus, the existence of such CP phases is a fascinating possibility from a viewpoint 
that they present us promising sources for the CP violation required in baryogenesis and 
leptogenesis. Moreover, such CP phases might be checked through the LHC experiments. 

Various works on this third possibility have suggested that the constraints on the 
EDMs of an electron and a neutron could be satisfied even in the case that the CP phases 
in the soft SUSY breakings are 0(1) and the superpartners are rather light. It is based 
on the effective cancellation among various contributions to the EDMs.^ On the other 
hand, there is another claim that if we add the constraint from the EDM of the mercury 
atom, the allowed parameter regions disappear. It suggests that the parameter region for 
their cancellation are different between the electron and the mercury [19]. However, it is 
useful to note that the usual analyses of the EDMs are based on the assumption for the 
universal gaugino masses as stressed in [9]. If we do not take this assumption, we may 
find the way out of this difficulty. 

Since the gaugino masses are universal in the usual SUSY breaking scenario, it may 

be considered that such an assumption is unrealistic. However, non-universal gaugino 

masses can be realized naturally, if we consider, for example, the intersecting D-brane 

model [9, 21], the extended gauge mediation SUSY breaking [22], and the SUSY breaking 

mediated by the Abelian gaugino kinetic term mixing [23]. In the previous paper [24], 

we examined the possibility of the reconciliation between the CP phases of 0(1) and the 

experimental EDM constraints in a model with non-universal gaugino masses. In that 

study we showed that the EDM constraints could be satisfied in rather large regions of the 

SUSY breaking parameter space under the existence of the large CP phases, as long as 

there are physical CP phases in the gaugino masses. However, since the allowed parameter 

^In the case of the EDM of the electron, the cancellation between the chargino contribution and the 
neutralino contribution has been shown to occur [6, 7, 9]. On the other hand, the EDM of the neutron 
(EDMN) it has been known that there are several types of cancellation , that is, the cancellation between 
the diagrams of the gluino exchange and the chargino exchange diagrams and also the cancellation among 
the gluino exchange diagrams themselves etc [6, 8]. In the case of the EDMN, the combined effect of 
these cancellations allows the large soft CP phases [6, 7, 9]. 
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regions tend to be obtained for the small tan P [24] , Higgs phenomenology might constrain 
the model strongly through the present Higgs search [11, 12, 13, 25]. 

In this paper we extend the study to the Higgs sector using the parameter regions 
allowed by the constraints from the EDMs of the electron, the neutron, and the mercury 
atom. We discuss the consistency of the scenario with the Higgs phenomenology. The 
paper is organized as follows. In section 2 we introduce the model for the soft SUSY 
breaking with the non-universal gaugino masses. In section 3 we briefly describe the EDM 
of the mercury atom as an example of the EDM calculation. The numerical analysis of 
the EDM constraints is carried out by using the renormalization group study. We apply 
this result to the estimation of the masses of the neutral Higgs scalar and the couplings 
between the Higgs scalars and the gauge bosons. We also discuss predicted values of — 2 
of the muon and the electron. Section 4 is devoted to the summary. 

2 A model with non-universal gaugino CP phases 

We briefly introduce the model with non-universal gaugino masses studied in this paper 
and fix the notation. We consider an extension of the well known minimal gauge mediation 
SUSY breaking (GMSB) scenario, which is defined by the following superpotential for the 
messenger fields [22]: 

Wm^xMQ + ^eS2ti, (1) 

where g, q are 3, 3* of SU(3)c and 1, I are the doublets of SU(2)i. If both the singlet 
fields 5*1 and 5*2 couple with the hidden sector where the SUSY breaks down, g, q and 
I, I play the role of messenger fields as in the case of the ordinary scenario [26, 27, 28] . 
Only difference from the ordinary minimal GMSB scenario is that g, q and ^, £ couple 
with the different singlet chiral superfields and 5*2 in the superpotential Wm- It is 
realized if we impose a suitable discrete symmetry on the model [22] . If both their scalar 
components and their auxiliary components Fs^ obtain vacuum expectation values 
(VEVs) due to the couplings with the SUSY breaking sector, the masses of the gauginos 
and the scalars in the MSSM are generated at one-loop and two-loop level, respectively. 
They are represented as functions of Aq = {Fs^) / {Sa) in a similar way as the ordinary 
scenario . However, the mass formulas are somewhat modified from the usual ones since 
the messenger fields (g, q) and {i, £) couple with the different singlets. 
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In this kind of model, the gaugino masses can be written in the form as [22] 

J^3 = gA„ M. = gA„ M. = |Lg^,+A,), (2) 

where cc^ = S'^/^tt and gr stands for the couphng constant for the standard model gauge 
group. These formulas show that M3 can be smaller than Mi 2 in the case of A2 > Ai. 
Since is generally independent, the phases contained in the gaugino masses are non- 
universal even in the case of |Ai| = IA2I. In that case, we cannot remove them completely 
by using the /^-transformation unlike in the case of universal gaugino masses. In fact, if 
we define the phases as A^ = |Aa|e*^" and make M2 real by the i?-transformation, the 
phases of the gaugino masses Mr can be written as [22] 

03 = arg(M3) = 01- 02, h = arg(M2) = 0, 

^ - nj\ , ( 2|Ai|sin(gi-g2) ^ 

01 = arg(Mi) = arctan , , , tt, ^ • (3) 



These formulas show that the phases of the gaugino masses can be parameterized three 
parameters, that is, |Ai|, IA2I and 0i — 02- 

The scalar masses are induced through the two-loop diagrams as in the ordinary case. 
Their formulas can be given as [22] 



mj = 2|Ai| 



+21A2 



(4) 



AttJ \2J \An 

where C3 = 4/3 and for the SU(3) triplet and singlet fields, and C2 = 3/4 and for 
the SU(2) doublet and singlet fields, respectively. The hypercharge Y is expressed as 
Y — 2{Q — Ts) by using both the electric charge Q and the diagonal SU(2) generator T3. 
As it is clear from this formula for the masses of the scalar super partners, we have no 
FCNC problem induced by these soft scalar masses as in the ordinary case. This is the 
case even if we take account of the renormalization group effects since the running due to 
the renormalization groups occurs only for the narrow range. 

We apply this soft SUSY breaking scenario to the MSSM framework. The MSSM 
superpotential contains the terms 

W^J2 {h'^jHiQjUj + hfQjH^D^ + hfLjH^Ej) + fxHA, (5) 
j 

where we take the Yukawa coupling diagonal basis for the quarks and the leptons. All 
Yukawa couplings hj are supposed to be real. The Higgsino mass parameter n is generally 



complex. The soft SUSY breaking terms corresponding to the superpotential (5) are 
introduced as^ 



— Aoft — X/ 



(6) 



- BixHiH2 - \Y^ MrKK + h.c. 

2 r 

where we put a tilde for the superpartners of the chiral superfields corresponding to the 
standard model contents. The first term represents the soft SUSY breaking masses for 
all scalar components of the MSSM chiral superfields. They are assumed to be given by 
eq. (4). The third term in the brackets represents the gaugino mass terms, which are 
supposed to be given by eq. (2) . The soft SUSY breaking parameters B and A^ are the 
coefficients of the bilinear and trilinear scalar couplings with a mass dimension. 

In the minimal GMSB model, as discussed in [29], the soft SUSY breaking parameters 
Af and B can be induced through the radiative correction. In the case that Af{A) = 
B{A) = is satisfied at the SUSY breaking scale A which is expected in many GMSB 
scenario, Af and B are proportional to M2 at the low energy regions as a result of 
the renormalization group effect. Thus, all of the CP phases in the soft SUSY breaking 
parameters are rotated away as long as the gaugino masses are universal [27, 29] . However, 
in the present case this situation is broken and there remain the CP phases in the gaugino 
masses even in the case of Af{A) = B{A) = since the phases in the gaugino masses are 
not universal. The generation of the bare Af and B is completely model dependent in 
this model as in the ordinary GMSB scenario. In the following study, we do not fix their 
origin and treat them as free parameters. 

Here we make an additional assumption for the trilinear scalar couplings such that 
they are proportional to the Yukawa couphngs so as to satisfy the FCNC constraints. 
Although the soft SUSY breaking parameters A^j, B and can generally include the 
CP phases, all of these are not independent physical phases. If we use the i?-symmetry 
and redefine the fields appropriately, we can select out the physical CP phases among 
them. We take them as 

Aj = \Aj\e''''^^, IX = [//|e''^^ = [M^[e*'^'- (r = 1, 3), (7) 



We adopt the sign convention for /x, B and A f to make the mass eigenvalues of quarks and leptons 
to be positive by a suitable field redefinition. 
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where B/j, and M2 are assumed to be real. Although the VEVs of the doublet Higgs 
scalars Hi and H2 are taken to be real in this definition at the tree level, the radiative 
correction could generally introduce the CP phases to them. Taking account of this aspect 
and following [12], we define the VEVs of the doublet Higgs scalars Hi and H2 as 

(•ffi)=["'l, m=i "J. (8) 

Finally we summarize the model parameters related to the SUSY breaking. In the 
present framework, the free parameters related to the masses of the gauginos and the 
scalar superpartners are confined into Ai and A2. Their phases are related to the physical 
phases 03 and 0i in eq. (3). Since we assume the universality for the A parameter such as 
A-^j{A) — A at the SUSY breaking scale A, there remain five independent real parameters 
0^, (j)A, |a*|, and \ A\ in the sector of Aj and B. Thus, the model parameters relevant 
to the soft SUSY breaking are composed of eight real parameters, 

|Ai|, IA2I, 1^1, |-B|, |//|, 03, (f)A, (f)^,. (9) 

The phase ^ in eq. (8) will be determined by these parameters through minimizing the 
CP- violating Higgs potential [12]. 



3 Phenomenological effects of gaugino CP phases 
3.1 Constraints from EDMs 

In order to explain the constraints on the SUSY breaking parameters from the EDM, 

we at first take a mercury case as an example to give a brief discussion. The detailed 
discussion on the EDMs of the electron and the neutron in the present model can be found 
in [24]. 

An effective interaction term representing the color EDM of the quark can be written 

as 

^e^-^G q^a,^q Fr- (10) 
In the estimation of the mercury EDM, we use the formula expressed by 

dng/e ^-{dd-du- 0.012^^) x 3.2 x 10"^ (11) 
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where df is the color EDM of an /-quark [19]. It is related to the effective coupling Q in 
eq. (10) through the formula 

df^lmiS). (12) 

The effective coupling Q is composed of the contributions from the one-loop diagrams 
containing one of a gluino, a chargino or a neutralino in the internal line. The experimental 
data for the mercury EDM dug gives the constraint on the color EDM of the quarks such 
as [20] 



dd-du- 0.012d, 



< 0.66 X 10~^^ cm. 



(13) 



For the preparation to estimate the color EDM of the quarks, we need to fix a relevant 
part of the MSSM to give their analytic formulas. As in the case of the EDM of the 
electron and the neutron, the mixing matrices of the charginos, the neutralinos and the 
squarks are important elements to write down them at the one-loop approximation. 

In the basis of the superpotential (5) and the soft SUSY breaking (6), the mass terms 
of the charginos can be written as 



(^+, -iA+) 



V 




(14) 



v^m^ciy sin/5 
\/2mzCw cos (3 M2 
where tan/? = V2/V1 and the abbreviations sw = sin^^ and cw — cos^^^ are used. The 
mass eigenstates xf defined in terms of the weak interaction eigenstates in eq. (14) 
through the unitary transformations in such a way as 




v 



-^A^ 




iy(-)t 



v 



-iX' 



(15) 



The canonically normalized neutrahno basis is taken as Af^ — {—iXi, —1X2, H^, H^) and 
their mass terms are defined in such a form as Ct^^^ — —kAf^A4N' + h.c. The 4x4 



neutralino mass matrix M. can be expressed as 



\Mi\e'' 



—mzsw cos P mzsw sin (3 ^ 
mzcw cos P —mzcw sin P 



(16) 





M2 

-TTlzSw COS P ruzCw COS P 
\^ mzSw^i'^P —nizcw sin P —\ii\e^'^'^ 

Mass eigenstates x° of this mass matrix are related to the weak interaction eigenstates 
as 

/ = u^^f, (17) 



where the mass eigenvalues are defined to be real and positive so that the mixing matrix 
U is considered to include the Majorana phases. 

Since we do not have the flavor mixing in the sfermion sector in the present model, 
the sfermion mass matrices can be reduced into the 2x2 form for each flavor. This 2x2 
sfermion mass matrix can be written in terms of the basis (/l^,, as 



|m„|2 + + Dl^ ma{\Aa\e''l'^'- - |^|e-*<^''i?/) 



(18) 



where rua and "niL^^R^ are the masses of the ordinary fermion and its superpartners 
fhcRa^ respectively.^ Rf is cot /9 for the up component of the SU(2) fundamental rep- 
resentation and tan/3 for the down component. and represent the Z^-term 
contributions, which are expressed as 

= rnlcos2/3{Ti - Qjsl,), Dl^ = mls^^Qf cos2/3, (19) 

where takes 1/2 for the sfermions in the up sector and —1/2 for those in the down 
sector. Qf is the electric charge of the fleld /. We deflne the mass eigenstates (/i, /2) by 
the unitary transformation 

/ I \ 



JL 



2 



(20) 



R 



In the MSSM, there are various contributions to the quark color EDM df, which come 
from the one-loop diagram with the superpartners of the standard model flelds in the 
internal lines and can be expressed as df = d^j- + d^. The contribution including the 
gluinos in the internal lines can be written as 



d^. ' 



■X:im(^/i Qg(x„) + 3F(x„)) , 



^ Stt IM3 

Ai'^-Vlv/:e^f\ (21) 

where Xa = m^/|M3p. This formula shows that the gluino phase 03 can bring the drastic 
changes in the gluino contribution to the quark color EDM. It is remarkable that a suitable 
value of 03 can change even the sign of the gluino contribution compared with the 03 = 
case. 



^In this sfermion mass matrix, the sign convention of is changed from the one in the previous work 
[24]. 
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On the chargino and neutralino contributions o?j to the quark color EDM, we can 
calculate it in the same way as the ordinary EDM of the electron [24] . We find that it 
can be written as 





1 




rriu 


aiTid 


1 







1 



3,a 



, „ 3m, 



mw cos (3 3mj 



(22) 



In these formulas the mixing factors and A^o are defined by 



1 



(-)tI/(+)|T/«|2 



2 cos /3 m^^ 
1 



'^u ttK+)w(-)t/m*T/« 



V2 



2sin/?mvK 



— 



■ 



1 \ 



rrid 



where tw — sva.9w/ cos^^f- We neglect the higher order terms of the quark mass in the 
expression of .4^0 ■ Since the fermions in the external lines are very light compared with 
the fields in the internal lines, F{x) and G{x) are approximately written as 
1 - 3a; 2x'^ , , l + x 2x 



F{x)^ 



Inx, G{x) = + 



Inx. 



(24) 



{l-xf {l-xf ' ^ ' {l-xf ' (l-a;)3 

The gluino contribution is expected to be larger than other contributions because of 
the strong coupling constant. If wc expect the cancellation among these contributions, 
(ij should be suppressed to have the similar magnitude to others. In order to find the 
condition for it, we may estimate a factor Im(^^") in the case of \A\ ^ for example. 
In that case it can be found to be approximated as 

''mfJA\ 



lm{A{,'^) = O 



Ml 



sm 







(25) 



This shows that the existence of the gluino phase 03 may make it possible to suppress the 
gluino contribution to the level of others. If it happens, the experimental bounds can be 
satisfied. 
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Both contributions of the charginos and the neutrahnos are crucially affected by the 
relative magnitude of /i and Mi 2. If < l-Mi 2I is satisfied, Higgsino components domi- 
nate both the hghtest neutralino and the hghtest chargino. Although they are expected 
to yield the largest contribution to the EDM, Higgsino exchange effects can be sup- 
pressed due to the smallness of Yukawa couplings. On the other hand, in the case of 
I Ml I < < IM2I, the lightest neutralino and the lightest chargino seem to be dominated 
by the bino and the Higgsinos, respectively. Since the gauge coupling gi is larger than 
the relevant Yukawa couplings which determine the magnitude of their contribution, the 
chargino contribution can be suppressed in comparison with the neutralino contribution. 
As a result, they can yield the similar order contributions. If the latter situation for /i 
and Mi^2 is realized, the EDM constraint may be satisfied even in the case that the large 
CP phases exist in the soft SUSY breaking parameters. In the next part, we mainly focus 
our attention on such situations and carry out the numerical calculation. 

3.2 Numerical results of the EDM constraints 

At first we explain the procedure for the calculation. We evolve the soft SUSY breaking 
parameters from a certain SUSY breaking scale A to the weak scale by using the one-loop 
renormalization group equations (RGBs). There is an ambiguity on the scale where the 
soft SUSY breaking parameters are introduced and start their running. In the present 
analysis, we adopt A = min (|Ai|, IA2I) as such a scale, for simplicity. Since we mainly 
study the region where |A2|/|Ai| is not so large, this prescription is not considered to affect 
the results largely. For the gauge and Yukawa couphng constants we use the two-loop 
RGEs. The RGEs from the unification scale Mu to A are composed of the SUSY ones for 
both the gauge and Yukawa couphng constants. The /3-functions are calculated for the 
MSSM contents and the messenger fields. We solve these RGEs for various initial values 
of the Yukawa couplings at M(7 and examine whether the masses of the top and bottom 
quarks and also the tau lepton are obtained at the weak scale. The messenger fields are 
supposed to decouple and the soft SUSY breaking parameters are introduced at A. Thus, 
the RGEs become the same as those of the MSSM below this scale. 

In order to determine the phenomenologically interesting parameter regions, we im- 
pose several conditions on the parameters at the weak scale obtained by the RGEs. As 
such conditions, we adopt the foUowings additionally to the above mentioned ones: 
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(1) Various experimental mass bounds for the superpartners, such as gluinos, charginos, 
stops, staus, and charged Higgs scalars, should be satisfied. The color and the electro- 
magnetic charge also should not be broken; 

(2) The physical true vacuum should be radiatively realized as the minimum of the scalar 
potential and satisfy sin 2/3 = 2Bji/ {m\ + m\ + 2|/ip). As another true vacuum condition, 
moreover, we impose the consistency between this sin 2j3 and the value of tan j3 predicted 
from the Yukawa coupling and the top quark mass.^ Only if the difference between them 
is sufficiently small, the parameters are accepted. 

After restricting the parameter space at the high energy scale by imposing these condi- 
tions on the weak scale values, we finally calculate the EDMs of the electron, the neutron 
and the mercury atom. We compare these results with the present experimental bounds 
[30, 31] 

|4/e| < 1.6 X 10-^^ cm, \dn/e\ < 0.3 x 10"^^ cm (26) 

for the electron and the neutron and also (13) for the mercury. 

We present the results of the numerical analysis, in which we fix some parameters to 
the typical values such as |Ai| = 50 TeV, |//| = 100 GeV, and 0^ = —1.65, for simphcity. 
It seems hard to have consistent solutions for |Ai| < 35 TeV and |Ai| > 55 TeV. We adopt 
the value of (j)^ to introduce a seed for the large CP violation in the model. Since the 
one-loop RGEs do not make the phase run largely, this input value is equal to the weak 
scale one. We also tune the initial value of \B\ so as to realize tan j3 = 3.85, since only the 
very restricted values of tan f3 like 3.5 — 4 seem to be consistent with the EDM constraints. 
Under these settings, we search the parameter regions which satisfy the above mentioned 
phenomenological conditions by scanning the remaining parameters through the following 
ranges at the scale A: 

50 TeV < I A2 1 < 150 TeV, 80 GeV < |A| < 500 GeV, ^^^^ 
< 03 < TT, -TT < < 0. 

Solutions are found for rather small values of 1^41 such as 190 — 250 GeV, which satisfy 

\A\ > \fi\. The desired relation \Mi\ < \fi\ < IM2I is also satisfied. 

In Fig. 1 we show the allowed regions in the (03, 0^) plane for various values of 
x{= IA2I/IA1I), which satisfy all the EDM constraints of the electron, the neutron and the 

^We use rrit = 174.3 GeV in this analysis. 
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Fig. 1 Allowed regions in the {(j>3, (j>A) plane which satisfies the imposed conditions including the EDM 
constraints. 

mercury atom. The imposed constraints restrict the regions of x to 1.9 ^ x ^ 2.3. Since 
the obtained values of 03 yield small values for (pi as found from eq. (3), both sectors of the 
chargino and the neutralino seem to have no large influence of the phases in the gaugino 
masses. The EDM constraint of the electron is considered to be satisfied without its help. 
As long as the charginos are heavier than the neutralinos, the cancellation between them 
can occur. In fact, this is satisfied in the present solutions. On the other hand, the phase 
03 of the gluino mass affects the EDMs of the neutron and the mercury atom through the 
gluino contribution. It happens to cause the cancellation for the EDM of the neutron and 
the mercury atom. In fact, the values of 03 — 0^ obtained here can bring the suppression 
for the gluino contribution as found in eq. (25). This seems to suggest that the CP phases 
in the gaugino sector play the crucial role to satisfy the EDM constraints even in the case 
of the large 0a and 0^. 

In order to show the features of the SUSY breaking for these solutions, we show the 
mass spectrum of some superpartners as a function of x in Fig. 2. They are determined 
through the values of |Ai| and IA2I as found in eqs. (2) and (4). For the sfermion masses 
rht, rhh and m^, we plot smaller mass eigenvalues. The mass ratio of the chargino to the 
neutralino can be much larger than that in the ordinary GMSB case {x = 1). It is also 
remarkable that the gluino can be lighter than the squarks. The neutralino is the lightest 
superpartners except for the gravitino. The mass of the charged Higgs scalar takes its 
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Fig. 2 The mass spectrum of superpartners at the weak scale as the functions of x. 
value in the range of 120 — 150 GeV. 

3.3 Phenomenology in the Higgs sector 

The allowed parameter regions obtained from the EDM constraints generally require small 
values for tan (3. However, as is well known in the CP conserving case, the small tan (3 
predicts the small value of the lightest neutral Higgs mass in the MSSM. Then it can be 
a serious obstacle to the present solutions for the EDM constraints. It is an important 
issue to check whether our model can be consistent with the constraints from the present 
Higgs search [25]. In various works [11, 12, 13], it has been shown that the CP phases 
in the SUSY breaking parameters could largely change both the Higgs mass eigenvalues 
and their couplings to the gauge bosons and the fermions. It happens due to the mixings 
among the CP-even and CP-odd Higgs scalars. In the recent analysis of the CP violating 
benchmark model CPX with a certain top quark mass, the combined LEP data seem 
to give no universal lower bound for the lightest neutral Higgs mass, although they can 
restrict the tan/3 to be larger than 2.6 [25]. In the present model, the similar feature may 
also be found for the parameter region derived from the EDM constraints, and it can be 
consistent with the present experimental data for the Higgs sector. 

In order to study this aspect, we follow the one- loop effective potential method dis- 
cussed in [12], in which the one-loop effective potential is expanded by the operators up 
to the fourth order and the effective Higgs quartic couplings are analytically determined. 
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Our EDM study suggests that the small tan/? is favorable and also both \A\ and |//| tend 
to be smaller than the soft scalar masses of the left- and right-handed stops. These fea- 
tures seems to make the usage of this method validate for the present analysis. In our 
model the gaugino masses are non-universal and then there can be physical CP phases in 
the gaugino masses in addition to those in the n and A-parameters. This is the different 
situation from that in [12]. The gaugino phases could contribute to the one-loop effective 
potential mainly through the neutralino and chargino loops. However, since these CP 
violating corrections to the effective potential are considered to be smaller than the one 
coming from the stop contribution, we neglect them in this study, and we directly apply 
the formulas in [12] to this analysis. 

In the following part, we focus our study on the mass eigenvalues of the Higgs scalars 
and the couplings between the Higgs scalars and the gauge bosons. They can be repre- 
sented by using the Higgs quartic effective couplings A 1-7. These definitions and their 
analytical formulas [12] are presented in the appendix. If we impose the potential mini- 
mum conditions, we can write the neutral Higgs mass matrix in the form as 



Ml 



(28) 



where is a 2 x 2 mass matrix for the CP-cven Higgs scalars and TWp^ is a 1 x 2 
matrix representing the mixing among the CP-odd and CP-even Higgs scalars. These 
sub-matrices can be expressed as 

-2(Aic| + Re(A5e2^?)4 + Rc{Xee%s gcp) X^spcp + Rc(A6e'«)c| + Rc(A7e*«)s| 

+ Re(A6e'«)4 + Re{\^e'^)sl -2{X2s} + Re(A5e2^€)4 + Re(A7e'«)s^c^) 

Mis = 2^;2 ( Im{X,e^'^)sp + Im{X,e'^)cf, lm{X,e^'^)cp + lm{X^e'^)sf, ) , (29) 

where A34 = A3 + A4, 8/3 = sin/3 and C/j = cos/?. Ml corresponds to the physical mass of 
the CP-odd Higgs scalar in the CP conserving MSSM, and it can be written as 

Ml = Reiml^e'^) + 2v^ |2Re(A5e^^^)s^C;3 + -Re(A6e^^)c| + ^Re(A7e^^)4| . (30) 

The mass of the charged Higgs scalars can be expressed as 
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+ 2^;^ \^X4SpCfs + Re{X5e^'^)spCp + ^Re{Xee'^)c} + ^Re(A7e^^)4|] . (31) 

The Higgs couplings to the gauge bosons are also changed from those in the CP 
conserving case. This occurs due to the mixing among the CP-even and CP-odd Higgs 
scalars, which is induced by A4ps- The interaction Lagrangian for the mass eigenstates 
of the Higgs scalars Hi is found to be expressed as 

jChvv = g2Mw E gn^vv (HiW+W-^ + -^HiZ^zA , 

i=l \ ^^w ) 



^HHZ = QHiHjZ [Hi dn Hj] Z^, 

3 

j0^hh±w^ = f [9h,h-w+ (Hii H-^ W^^' + h.c. 



(32) 

i=l L ^ ^ -I 

In these interaction Lagrangians for the Higgs scalars, each coupling normalized to the 
value in the standard model can be written as 

9h,vv = cpOii + sp02i, (V = W^, Z) 

QHiHjZ = 03i{cp02j - SpOij) - 02.j{Cij02i - SfjOu), 

gHiH-W+ = Ci302i - SpOii + iOsi, (33) 

where Oij is the element of the orthogonal matrix which relates the mass eigenstates Hi 
to the weak eigenstates. It is defined as the diagonalization matrix for M.^ in such a way 
as 

O^MlO = diag{ml^,ml^,ml^), (34) 

where the mass eigenvalues m^. for the eigenstates Hi satisfy the relation such as mf^^ < 
TTi^^ < fri^Hz ■ Since there are the following relations among these neutral Higgs couplings: 

3 

QH^VV = £ijkgHiHjZ, ^gHiVV = 1> (35) 

1=1 

all of the couplings of the neutral Higgs scalars to the gauge bosons can be completely 
determined by the two values of gUiZZ, for example [32]. 

As mentioned already, the CP violating effect in the Higgs sector appears through 
the mixing /A%s between the CP-even and CP-odd Higgs scalars. If we use the analytic 
formulas for the quartic couplings ^5,6,7 in the appendix, we find that the order of these 
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Fig. 3 The mass eigenvalues and the couphng constants with the gauge bosons of the neutral Higgs 
scalars Hi and H^. 

off-diagonal elements are estimated as 

v'^\A\\fi\ sin (pcp ( tan^/3 y\ 

where (pcp = <Pa + <Pfi which is the measure for the CP violation in the Higgs sector. 

If Im(y4/i) can have large values, they can be so large as to have crucial effects on the 

composition of the mass eigenstates of the neutral Higgs scalars. Thus, the larger values 

of \A\ and ipcp constitute the interesting parameter regions, in which the CP violating 

effects on the Higgs sector are substantial. On the other hand, as discussed in [12], the 

CP violating effects on the Higgs sector also tend to be enhanced in the case that the 

charged Higgs mass Mh± takes a small value. ^ In the present model. A, B and /i are free 

parameters. Since they are not directly related to other SUSY breaking parameters such 

as the gaugino masses and the sfermion masses, we can study their interesting regions 

without making large influence on the mass spectrum of the gauginos and the sfermions as 

long as fhf > \A\, \fi\ is satisfied. However, we should note that the EDM constraints tend 

to favor the small values of tan/?, \A\ and as partially seen in eq. (25), for example. 

Thus, the EDM constraints may make the CP violating effects in the Higgs sector small 

^This is expected to be realized for the case of small value of m\2{= Bfi). However, if the top quark 
mass is larger, the CP violating effect seems to appear independently of the charged Higgs mass [25]. 
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Fig. 4 The SUSY contributions to the g — 2 oi the muon and the electron expected for the obtained 
solutions. 

even in the case with the large (pcp- Although the cases where \A\ and are not large 
but 0CP is 0{1) seem to be promising in the present context, the situation is subtle and 
the detailed numerical study is required to clarify this point. 

We calculate both the Higgs mass eigenvalues and the Higgs couplings for the param- 
eter sets obtained in the previous part. In Fig. 3 we plot the mass eigenvalues of the 
neutral Higgs scalars Hk and their coupling constants gfj^zz with the gauge bosons. Both 
the lightest neutral Higgs scalar Hi and the heaviest one are plotted in the same figure 
for each value of x. Since eq. (35) is satisfied among the couplings, g^^zz negligible 
in the present case. The mass eigenvalues ttlh^. are the increasing functions of x. If we 
combine this figure with Fig. 1, we can see that they are affected largely by the phase 
4>cp- Since these Higgs mass eigenvalues take rather small values, the model might be 
considered to have been already excluded by the Higgs search at the LEP. However, the 
Higgs couplings are also influenced largely by this (pcp- as observed in Fig. 3. Figure 3 
shows that the Hi coupling gjj-^zz can be much smaller than the MSSM one. The values 
of tuhi and g'jj^zz shown in Fig. 3 seem to be marginal against the LEP2 data [25]. 

We could only say that our solutions for the EDM constraints might be consistent 
with the present Higgs phenomenology on the basis of our analysis. However, our results 
suggest that the validity of the model can be checked if the new experiments start at 
the LHC, anyway. Our analysis can also give several predictions for the relevant physical 
quantities. As a good example, we estimate the SUSY contributions and Oe to the 
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anomalous magnetic moment of the muon and the electron. The results are shown in 
Fig. 4. Both of and are plotted in the unit of 10~^^. This predicted values of the 
muon g — 2 seem to be in the interesting regions for the present experimental data. 

4 Summary 

Non-universality of the gaugino masses can potentially cause various interesting phe- 
nomenology at the weak scale. We have considered the extended gauge mediation SUSY 
breaking scenario as an concrete example which could realize the non-universal gaugino 
masses. In this model the CP phases can remain in the gaugino sector as the physical 
phases after the i?-transformation. In addition to this aspect, the model has several fea- 
tures different from the usual MSSM or the ordinary gauge mediation SUSY breaking. For 
example, the SU(2)i non-singlet supcrpartners tend to be heavier than the SU(2)/, singlet 
ones whether they are colored or not. The right-handed stop becomes rather light and the 
neutralino can be lighter than the stau. These features can affect various phenomenology 
to give the different results from the ordinary MSSM. 

We have calculated the effect of the CP phases on the EDM of the mercury atom, the 
electron and the neutron by solving the RGEs for the soft SUSY breaking parameters. 
As a result of this analysis, we have found that the experimental bounds for these EDMs 
could be simultaneously satisfied without assuming the heavy superpartners with the 
mass of 0(1) TeV even in the case that the soft SUSY breaking parameters have the 
large CP phases. The effective cancellation among the contributions from the gluino, the 
neutralino, and the chargino makes them possible to satisfy the experimental constraints. 
In this cancellation, the CP phases in the gaugino sector seem to play the crucial role. 
Although this kind of phenomena have already been suggested in several works, we have 
shown this in the concrete model with the definite spectrum of the superpartners. 

The Higgs sector could also be affected by the the existence of the large CP phases in 
the soft SUSY breaking parameters. Since the CP-even Higgs scalars mix with the CP-odd 
Higgs scalar, the lightest neutral Higgs mass and its couplings to the gauge bosons could 
be largely modified from those in the CP invariant case. We have studied these aspects 
in the parameter regions where the EDM constraints arc satisfied. From this study, we 
have found that our model might be consistent with the present data obtained from the 
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Higgs search at the LEP2. The vahdity of the model will be checked at the LHC. 
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study. This work is supported in part by a Grant-in- Aid for Scientific Research (C) from 
Japan Society for Promotion of Science (No. 14540251, 17540246). 
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Appendix 

The effective Lagrangian which describes the most general CP-violating Higgs potential 
of the MSSM is given by 

+ A3($I$l)($|$2) + A4($I$2)($|$l) + A5($I$2)' + K{^\^xf 

+ A6($I$i)($I$2) + A*($I$i)($|$i) + A7($|$2)($I$2) + A;($|$2)($|$i),(37) 

where $1,2 are related to the scalar components H\^2 of the Higgs superfields H\^2 through 
B.\ — iT2$i and B.2 — ^2- At the tree level, coefficients in eq. (37) are represented as 



-mi 



^2 



1 11 

Al = A2 = --(^2 + ^l)> A3 = --(y^ -51^), A4=-^2, 
A5 = Ag = Ay = 0. 



(38) 



Taking account of radiative corrections due to the trilinear Yukawa couplings between 
the Higgs scalars and stops/sbottoms, the quartic couplings As^e,? generally have complex 
nonzero values. If we assume that Ms is a SUSY breaking scale, analytic expressions of 
these quartic couplings are given by [12], 



Ai 



A, 



A3 = 



9I + 9l 3 



87r2 



hit 



t + lxb + ^ (hi + hi - 8gi\ (Xbt + r 



+ 



3 



192772'"* Mi 



1 + 



167r2 V2 
1 



167r2 



(9h 



+ 



't + lx,+ ' 



5hl 



1 



16gl)t 



> hi + -/i^ 



M 

192772'"" Mi 



9l - ^1 ' 
8 



5 
1 - 



1 + 



167r2 



(9hl-bhl-lQgt)t 



167r2 

tb 



{hi + /i2)i 



2 167r2 



ht + hi-Sgi) iXtbt + t 



967r2 
3 



Ml 



■967r2^^ 



'3|/X|2 |/X|2|A| 
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A4 



9l 



1 - 



167r2 



{hi + hl)t 



167r2 



967r2 
3 

'967r2 



1 + - 2hl - IQgt) t 

1 



hi 



A, = 



* Ml 



1927r2 



2 /|2 r ]^ 
1 + 



4/^ 



1 + 



167r2 
1 



2 2/^2 1.-2 



3 ^4|/ipM 



967r2' * M| 



167r2 
1 



4 - 2/1? 



167r2 

16^2) t 



{6h, 



4 /i /^6^6 l^fepAfe' 



At 



967r2 "Ms V^5 

b 



967r2 



3 ^4|/i|2/iAfe 



1 + 



Ml 
1 

167r2 

M| 



1 + 



167r2 V2^'' 2^* 



16^3 H 



1 



967r2 ' Ms \Ms Ml / L IGtt^ V2 
In these formulas, the following definitions are used: 

mt{rht) 



hi 



1 



hi 



IQgl ) t 



X, 



Ml 



H — ■ nl 

V sm p 
12M| j ' 



hh 



f COS/9 



M| 



|A,|2+|A,|2 + 2Re(AM,) l/xp 



12M| y ' 



2M| 



M| 



6M| 



(39) 



(40) 



where mj is the pole mass of the top quark, which can be related to the running mass rrit 
as 



mt{mt) 



rut 



1 + ^asimt)' 



(41) 



We assume that the SUSY breaking scale M| is defined as the arithmetic average of the 
squared stop mass eigenvalues in the numerical calculation of the Higgs sector. 
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